We used hybridization techniques to demonstrate that numerous sequence homologies exist between cloned mung bean and spinach chloroplast DNA (ctDNA) restriction fragments and mtDNAs from corn, mung bean, spinach, and pea. The strongest cross-homologies are between clones derived from the ctDNA inverted repeat and mtDNA from corn and pea, although all the ctDNA clones tested hybridized to at least one mtDNA restriction fragment. Known chloroplast genes showing strong mtDNA homologies include those for the large subunit of ribulosebisphosphate carboxylase, which hybridizes to corn mtDNA, and the 13 subunit of the chloroplast ATPase, which hybridizes to mung bean mtDNA. Certain of these homologies were confirmed by using cloned spinach mtDNA restriction fragments as probes in reciprocal hybridizations to ctDNA. Several of these ctDNA-homologous mtDNA sequences were shown to be much more closely related to ctDNA from the same species than to that of a distantly related species. We interpret these differential homologies as evidence for relatively recent DNA sequence transfer events, suggesting that transposition between the two genomes is an ongoing evolutionary process.
The mitochondrial genomes of higher plants are large in comparison to their fungal and mammalian counterparts, varying from 218 kilobase pairs (kb) in the genus Brassica (1) to an estimated 2400 kb in muskmelon (2) . In contrast, chloroplast genomes are highly conserved in size (120-180 kb) and in sequence arrangement (3) . To date, no correlation has been demonstrated between mitochondrial genome size and the number of polypeptide products made by isolated mitochondria. It seems likely, therefore, that higher plant mtDNA consists largely of noncoding sequences (2, 4, 5) .
Following the observation that corn mtDNA contains a 12-kb segment of the corn chloroplast DNA (ctDNA) inverted repeat (6), we wished to ascertain whether this phenomenon is restricted to corn or if it is a feature of other plant taxa. Here we present hybridization studies that extend these earlier results and demonstrate the widespread presence of ctDNA sequences in the mitochondrial genomes of four diverse species of angiosperms.
MATERIALS AND METHODS
Mitochondria were prepared from 1-wk-old dark-grown pea (Pisum sativum cv. Alaska), mung bean (Vigna radiata cv. berken), and corn (Zea mays B37-N) seedlings and from green spinach (Spinacia oleracea) leaves by treating mitochondria with DNase I by the method of Kolodner and Tewari (7) . Chloroplasts were prepared either by the DNase I procedure (8) or by sucrose gradient centrifugation (9) . DNAs were prepared from the purified, lysed organelles by two rounds of CsCl-ethidium bromide equilibrium centrifugation (9) . Restriction endonuclease digestions, agarose gel electrophoresis, preparation of nitrocellulose filters, nicktranslations, and hybridizations were carried out as described (9) . All filters were washed in 0.3 M NaCl/30 mM trisodium citrate/0.1% sodium dodecyl sulfate at 650C. Recombinant clones of spinach mtDNA were constructed by ligating (10) Sal I-digested mtDNA and Sal I-digested pUC8 (11) with T4 DNA ligase (Bethesda Research Ltd.), followed by transformation (12) into Escherichia coli JM83. The nicktranslated 1670-and 3600-base-pair (bp) spinach ctDNA EcoRI fragments, isolated from agarose gels (13) , were used to screen nitrocellulose replicates of the spinach mtDNA clone bank by colony hybridization (14) .
RESULTS
To gain a general idea as to the extent of cross-homology between organellar DNAs, we first used an entire chloroplast genome as a hybridization probe against mtDNAs. Because cross-contamination between organellar DNAs is inevitable, ctDNA prepared from the same plant and digested with the same restriction enzyme (Sal I) was included in a lane next to each mtDNA track. In this way ctDNA Sal I fragments, the sizes of which are known for corn, mung bean, spinach, and pea (3) , that contaminate the mtDNA could easily be visualized and disregarded. Total spinach ctDNA hybridized to a large number of bona fide mtDNA fragments from corn, mung bean, spinach, and pea (Fig. 1) . The strongest hybridizations were to 12-kb and 14-kb corn mtDNA Sal I fragments and represented primarily the 12-kb ctDNA inverted repeat sequence described previously (6) . There was also strong hybridization to a pea mtDNA Sal I fragment of about 18 kb and to two mung bean mtDNA Sal I fragments of 6.2 kb and 4.5 kb.
To determine how many regions of the chloroplast genome are represented in these mtDNAs, clones spanning most of mung bean ctDNA (10) were used as probes against gels similar to that shown in Fig. 1 . The arrangement of these clones on the mung bean chloroplast genome and the results of the hybridizations are shown schematically in Fig. 2 . Some of the most striking results were for MB 16.2 and MB 18.8 ( Fig.  3) , two mung bean clones that together contain the entire ctDNA inverted repeat. As expected (6) , both of these clones hybridized strongly to corn mtDNA, but strong hybridization also was seen between MB 18.8 and pea mtDNA, with significant hybridization between MB 18.8 and mung bean mtDNA and between MB 16.2 and spinach mtDNA.
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ogies were between MB 13.3 (from the large single copy region) and corn mtDNA and between MB 16.5 (large single copy region) and spinach mtDNA and, more weakly, to corn mtDNA ( Fig. 3 ). An interesting case is the hybridization of MB 11.1 to the mtDNAs (Fig. 3 ). MB 11.1 hybridized to all four mitochondrial genomes and contains two identified chloroplast genes: atpB, which encodes the f3 subunit of the chloroplast ATPase; and atpE, which encodes the E subunit of the same polypeptide complex (unpublished data). To identify the specific region of MB 11.1 responsible for each of the mtDNA homologies seen in Fig. 3 (MB 11.1 hybridization), a cloned spinach ctDNA BamHI fragment of 11.5 kb, called "Bam 11.5," which contains most of the sequences in MB 11.1 and in addition contains rbcL [the gene for the large subunit of ribulosebisphosphate carboxylase (3, 18) ], and also the EcoRI subclones of Bam 11.5 were used as probes. The hybridization of the entire cloned spinach BamHI fragment to a gel such as that shown in Fig. 1 is seen in Fig. 4 , together with a map of the EcoRI sites and the positions of atpB, atpE, and rbcL. When the EcoRI subclones were used as probes, each of the mtDNA hybridizations could be traced to a specific region of Bam 11.5. For example, the 1750-bp EcoRI fragment, which consists almost entirely of rbcL gene sequence (18) , hybridized strongly to a corn mtDNA Sal I fragment of 12.5 kb (Fig. 4) . Note that MB 11.1 did not hybridize to this particular corn mtDNA Sal I fragment (Fig. 3 ) because in mung bean rbcL is located in a neighboring Pst I fragment of 7.5 kb (16) .
The 1980-bp EcoRI fragment, which contains all of atpB and 45 bp of atpE, hybridized only to mung bean mtDNA (Fig, 4) . In contrast, the 1670-bp EcoRI fragment, which includes the rest of atpE (19) , hybridized to mtDNA fragments from all four genomes (Fig. 4) . We have determined since (data not shown) that all of the hybridization between Eco 1670 and the mtDNAs can be attributed to the 1250-bp Xba I-EcoRI subfragment of Eco 1670, which consists almost entirely of non-atpE coding sequence (19) . Finally, the 3600-bp EcoRI fragment hybridized to corn and spinach mtDNAs (Fig. 4) . Thus, each of the hybridizations to the 11.5-kb spinach ctDNA BamHI clone (Fig. 4) can be accounted for by using smaller, more specific clones.
More rigorous verification of these interorganellar homologies was accomplished by cloning specific ctDNA-homologous mtDNA restriction fragments and showing that they hybridize to ctDNA fragments in a reciprocal fashion. We chose to investigate the hybridization of the spinach ctDNA clone Bam 11.5, specifically its EcoRI subfragments of 3600 and 1670 bp, to spinach mtDNA fragments of 10.5, 6.7, and 5.5 kb (Fig. 4) . Hybridizations involving these three cloned spinach mtDNA fragments led to three major results. (i) Spinach Bam 11.5 hybridized to each of the three cloned inserts with the same relative intensity seen in its hybridization to total spinach mtDNA (compare Fig. 4 to Fig. 5). (ii) Each of the mtDNA clones hybridized to a fragment of a size identical to its own insert in a Sal I digest of total mtDNA, to the contaminating ctDNA Sal I fragment of 22 kb (3), to the spinach Bam 11.5 insert, and to the 11.5-kb fragment in a BamHI digest of total spinach ctDNA (Fig. 5) . (iii) The 6.7-and 5.5-kb spinach mtDNA fragments did not cross-hybridize. Preliminary mapping studies indicated that these two fragments are adjacent in the mitochondrial genome. Therefore, the simplest explanation for the hybridization of Eco 3600 to both fragments is that there is a single region of mitochondrial homology to Eco 3600 which includes the Sal I site separating the two mtDNA fragments. Fig. 1 were transferred to nitrocellulose and probed with the nick-translated ctDNA clones given below each panel. Due to degradation of the mung bean ctDNA, the largest ctDNA fragments are not visible in the ctDNA tracks for the MB 16.2, MB 18.8, and MB 13.3 probes, although these mung bean ctDNA restriction fragments are visible in the accompanying mtDNA lane. Spinach ctDNA has been overloaded relative to the level of contamination in the mtDNA preparation for the MB 16.5 and MB 11.1 probes and has been underloaded for the MB 13.3 and MB 18.8 probes. There is a contaminating DNA fragment of 12 kb visible in the three right-hand mung bean ctDNA lanes that has homology to vector (pBR322) sequences.
DISCUSSION
The major finding that emerges from this study is that interorganellar DNA transfer is a general phenomenon in plants. Previously, observation of cross-homology between mtDNA and ctDNA had been restricted to a single, specific sequence in corn (6) . Here we have demonstrated the pervasive nature of ctDNA sequences in the mitochondrion, to the extent that every ctDNA sequence tested reacted with one or more mtDNA restriction fragments (Fig. 2) .
That the dhloroplast and mitochondrial genomes share extensive sequence homology does not in itself lead to any conclusions regarding the direction of sequence movement between the two organelles. We note, however, that these shared sequences are present in all higher plant chloroplast genomes so far examined, are highly conserved in nucleotide sequence and arrangement within the chloroplast (3), and almost certainly are transcribed and functional within the chloroplast (ref. 20 ; see last paragraph of Discussion). In contrast, these sequences have a more or less random representation within the mitochondria of the four species examined (Fig. 2) . Based on these observations, we feel that many, if not most, of these shared sequences have been transferred from the highly constrained chloroplast genome (3, 20) or its progenitor into the mitochondrial genome, which is more variable in size (2 Fig. 1 Fig. 4 and text). Smt 6.7 appears to hybridize to a ctDNA fragment other than Bam 11.5. This is consistent with the hybridization of MB 18.8 to a 6.7-kb spinach mtDNA fragment (Fig. 3) , which we have confirmed by reciprocal hybridizations between Smt 6.7 and MB 18.8 (data not shown). In addition, the relatively strong hybridization of Smt 6.7 to the 20-kb region of spinach mtDNA reflects not only ctDNA contamination but also sequence homology between Smt 6.7 and a bonafide spinach mtDNA fragment of 19.5 kb (unpublished data). The 2.7-kb restriction fragment seen in lanes 2, 4, 5, and 6 is the cloning vector pUC 8 (11) .
these mitochondrially located transferred sequences should be significantly more closely related to ctDNA from one species than from the other. Experimental results compatible with this hypothesis were obtained when mung bean and spinach ctDNA clones (MB 11.1 and Bam 11.5, respectively), which contain similar sequences (3), were hybridized to mung bean and spinach mitochondrial DNAs. MB 11.1 hybridized very strongly to a 5.5-kb mung bean mtDNA restriction fragment and less intensely to 5.5-, 6.7-, and 10.5-kb spinach mtDNA fragments (Fig. 3) . Reciprocal hybridization intensities were obtained with Bam 11.5 (Fig. 4) . Relative to their hybridization with MB 11.1, all three spinach mtDNA fragments hybridized more strongly to Bam 11.5 than did the mung bean 5.5-kb mtDNA fragment. Additionally, whereas the three spinach mtDNA fragments hybridized with approximately equal intensity to MB 11.1 (Fig. 3) , the enhancement of hybridization to spinach Bam 11.5 appeared to be greater for the 6.7-kb spinach mtDNA fragment than for the 5.5-and 10.5-kb spinach mtDNA fragments.
Thus, it is possible to envision a hierarchical timing of DNA sequence transfers, where the ctDNA-homologous portion of the 6.7-kb spinach mtDNA fragment was transferred from the chloroplast more recently than the corresponding parts of the 10.5-and 5.5-kb spinach fragments and where all three spinach homologies represent events that occurred in a spinach-specific lineage subsequent to the divergence of mung bean and spinach. Alternatively, variable rates and patterns of sequence evolution within the mung bean and spinach chloroplast genomes could account for the differential homologies observed. In particular, the portions of MB 11.1 and Bam 11.5 that have homology to the 6.7-kb spinach mtDNA fragment may be more closely related than are the parts of those ctDNA clones that hybridize to the 10.5-and 5.5-kb spinach mtDNA Sal I fragments.
Among the mtDNAs examined, that of corn has the greatest overall amount of homology to ctDNA (Figs. 1-4) . Much of this strong cross-homology can be explained by invoking relatively recent interorganellar DNA transfer. In the case of corn mtDNA hybridization to the ctDNA inverted repeat (Figs. 2 and 3 ), absolute identity of restriction sites has been reported over a 12-kb region of interorganellar homology (6). In addition, mapping studies indicate that the strong hybridization of corn mtDNA to ctDNA rbcL sequences (Fig. 4) reflects a corn mtDNA rbcL sequence that is virtually identical to its corn ctDNA homolog (21 (26) , and Euglena (27) . Moreover, Wildman et al, (28) observed various physical interactions between the two organelles in cinematic studies of living cells. Membrane continuities might facilitate intermolecular recombination; evidence for both intermolecular and intramolecular recombination has been accumulated for both mtDNA (1, (29) (30) (31) (32) and ctDNA (33, 34 Biochemistry: Stem and Palmer Biochemistry: Stern and Palmer ctDNA sequences quite unlikely to have a function in the mitochondrion: rbcL (corn) and the ctDNA ribosoinal RNA genes (corn and pea). It has been suggested that sequences from within the ctDNA inverted repeat might play a functional role within the corn mitochondrial genome because alterations in this ctDNA-homologous sequence are observed in the mtDNA of cytoplasmic male sterile corn (6) . However, these alterations now appear to represent only a small fraction of the numerous rearrangements that distinguish fertile and male-sterile mtDNAs in both corn (38) and petunia (32) and, thus, are probably unrelated causally to the expression of male sterility. We feel that the widespread presence of ctDNA sequences in plant mtDNA is best regarded as a dramatic demonstration of the dynamic nature of interactions between the chloroplast and the mitochondrion, similar to the ongoing process of interorganellar DNA transfer already documented between mitochondrion and nucleus (39) (40) (41) (42) (43) and between chloroplast and nucleus (44) .
